studies of myocardial infarction in secreted Frizzled-related protein 2 (sFRP2) knockout mice and our hamster heart failure therapy based on sFRP2 blockade have established sFRP2 as a key profibrotic cytokine in the heart. The failing hamster heart is marked by prominent fibrosis and calcification with elevated expression of sFRP2. Noting the involvement of tissuenonspecific alkaline phosphatase (TNAP) in bone mineralization and vascular calcification, we determined whether sFRP2 might be an upstream regulator of TNAP. Biochemical assays revealed an approximately twofold increase in the activity of TNAP and elevated levels of inorganic phosphate (Pi) in the failing heart compared with the normal heart. Neither was this change detected in the liver or hamstring muscle nor was it associated with systemic hyperphosphatemia. TNAP was readily cloned from the hamster heart and upon overexpression increased the level of extracellular but not intracellular Pi, which is consistent with the cell surface location of the ectoenzyme. In line with the previous demonstration that sFRP2 blockade attenuated fibrosis, we show here that the therapy downregulated TNAP. This in vivo finding is corroborated by the in vitro study showing that cultured cardiac fibroblasts treated with recombinant sFRP2 protein exhibited progressive increase in the expression and activity of TNAP, which was completely abrogated by cycloheximide or tunicamycin. Induction of TNAP by sFRP2 is restricted to cardiac fibroblasts among the multiple cell types examined, and was not observed with sFRP4. The current work indicates that sFRP2 may promote cardiac fibrocalcification through coordinate activation of tolloid-like metalloproteinases and TNAP. sFRP2; TNAP; fibrocalcification; heart failure THE FAMILY OF SECRETED Frizzled-related proteins (sFRPs) are known to have multiple roles in development and disease (6, 41, 45) . A novel postnatal role of sFRP2 in regulating extracellular matrix (ECM) remodeling was first revealed by Kobayashi et al. (25), demonstrating that sFRP2-null mice exhibited reduced collagen deposition and significantly improved cardiac function after myocardial infarction. This study reveals a profibrotic function of sFRP2 in the adult mouse heart, and is consistent with the findings that heart failure is associated with increased expression of sFRP2, sFRP3, and sFRP4 (3, 37, 47) .
THE FAMILY OF SECRETED Frizzled-related proteins (sFRPs) are known to have multiple roles in development and disease (6, 41, 45) . A novel postnatal role of sFRP2 in regulating extracellular matrix (ECM) remodeling was first revealed by Kobayashi et al. (25) , demonstrating that sFRP2-null mice exhibited reduced collagen deposition and significantly improved cardiac function after myocardial infarction. This study reveals a profibrotic function of sFRP2 in the adult mouse heart, and is consistent with the findings that heart failure is associated with increased expression of sFRP2, sFRP3, and sFRP4 (3, 37, 47) . Since excessive collagen deposition leads to scar formation, distorted tissue architecture, and ultimately organ failure (15, 55) , intervention of sFRP2-mediated fibrogenic pathways may represent a novel approach to restoring tissue function. Indeed, we recently documented an antibody-based sFRP2 blockade strategy, which coordinately reduced myocardial fibrosis, increased angiogenesis and improved cardiac function in the failing hamster heart (37) . These therapeutic benefits are comparable to those achieved by regenerative therapy based on mesenchymal stem cells (36, 48) or vascular endothelial growth factor (57, 58) .
sFRP2 is known to function in Wnt-dependent and -independent mechanisms that are influenced by developmental stage, protein concentration, and cell/tissue specificity (41) . Although sFRP2 has traditionally been viewed as a Wnt inhibitor due to the presence of a Frizzled (Fzd) domain and absence of a transmembrane domain, we and others have demonstrated its Wnt-activating function in multiple organ systems (27, 37, 51) . This Wnt-activating effect of sFRP2 is noteworthy because excessive activation of Wnt signaling is associated with pulmonary, renal, cardiac, and skeletal muscle fibrosis (7, 12, 23, 52) . On the other hand, the profibrotic role of sFRP2 as proposed by Kobayashi et al. (25) appears to operate in a Wnt-independent manner through serving as enhancer of procollagen C proteinase activity of tolloid-like metalloproteinases. Given the complex nature of the fibrogenic machinery, additional targets of sFRP2 likely exist in the dynamic multistage cascade of pathogenic fibrosis.
The ECM serves crucial roles as a site for sequestration and controlled release of cytokines and matrix-modifying enzymes, which can promote adverse ECM remodeling in disease states (53) . The secreted enzyme lysyl oxidase catalyzes formation of aldehydes from lysine residues in collagen and elastin, resulting in insoluble and stiff ECM fibrils (18) . Tissue transglutaminase (TG2) mediates extensive cross-linking of collagen fibers via isopeptide bond linkages (21) . Both lysyl oxidase and TG2 have been recognized as key fibrosis markers (34, 42) . Another matrixmodifying player is the phosphate-splitting enzyme termed tissue nonspecific alkaline phosphatase (TNAP), which has been reported as a marker of pulmonary fibrosis in chronic interstitial disorders (9) . TNAP is normally induced during the early stage of osteogenesis and participates in collagen calcification during bone formation (8, 39) . Recent studies on vascular calcification have revealed TNAP as a pathogenic player in the abnormal mineralization process (14) . Although clinical test of circulating levels of alkaline phosphatase is routinely performed to check for a wide range of disease conditions, the relation between TNAP dysregulation and cardiac pathology has not been examined. The current work identified TNAP as a novel enzyme target activated by sFRP2 in myocardial fibrocalcification.
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MATERIALS AND METHODS
Animal use. The TO2 strain cardiomyopathic hamsters (4-mo-old males) and age-matched normal controls (F1B strain) were obtained from Bio Breeders (Watertown, MA). All procedures and protocols conformed to institutional guidelines for the care and use of animals in research as documented (37) and were approved by the Institutional Animal Care and Use Committee of University at Buffalo. Normal and ischemic porcine heart tissue samples, as described previously (35) , were kindly provided by Dr. Gen Suzuki (Department of Medicine, University at Buffalo).
Cell culture. Cardiac fibroblasts were isolated from the heart of 3-to 5-mo-old Balb/c mice using an established protocol (37) . 3T3 fibroblasts, HEK293, C2C12 myoblasts, and HL1 cardiomyocytes were maintained in minimal essential medium (MEM) containing 10% fetal bovine serum (FBS), 50 g/ml gentamycin, and 0.125 g/ml amphotericin B (Fungizone). Cardiac fibroblasts receiving less than two trypsin passages were used for experiments. Cells plated on 6-or 12-well plates at 1 to 2 ϫ 10 5 cells per well were grown to confluency prior to treatment. Cells were then switched to MEM containing 5% FBS and treated with recombinant proteins for 1-3 days, following which cells were rinsed with normal saline and harvested for Western blotting and enzyme assays.
Histology. Paraffin-embedded tissue sections were used for histological staining. Von Kossa staining for calcified lesions was performed by immersing deparaffinized sections in 2% silver nitrate in a glass Coplin jar, which was then exposed to UV light for ϳ3 h in a UV crosslinker (model FB-UVXL-1000, Fisher Scientific). Sections were rinsed with dH 2O briefly, immersed in 2% sodium thiosulfate for 1 min, and rinsed with dH2O. The sections were then further processed for staining of fibrosis areas. Masson Trichrome staining for fibrotic areas and quantification are as described previously (49) . Analysis of fibrotic areas was performed by Photoshop-aided quantification of image pixels as described previously (49) . In brief, the blue color range was selected to represent fibrotic areas. At least 15 random fields at ϫ200 magnification were assessed for each slide. White space from images was subtracted for calculation of total tissue area. The ratio of fibrotic area to total tissue area was calculated as % fibrotic area.
Tissue homogenization. Each snap frozen tissue sample (ϳ30 mg) was homogenized in 1 ml of an ice-cold lysis solution containing 0.1% TX-100 and 2 mM EDTA. Homogenates were briefly clarified by a 5-s, 5,000-rpm spin to remove tissue debris. Clarified homogenates were further centrifuged at 13,000 rpm at 4°C for 5 min to separate the membrane and soluble fractions. The membrane fraction was resuspended in the lysis solution. Protein concentrations were determined using the Protein Assay Kit/DC from Biomedical Research Service Center (University at Buffalo). Trichloroacetic acid (TCA) deproteinization was carried out by homogenizing tissue (ϳ100 mg) in 1 ml of an ice-cold 10% TCA solution. Homogenates were incubated on ice for 30 min, following which homogenates were centrifuged at 13,000 rpm for 5 min. The supernatant was extracted with 0.5 ml of water-saturated ether three times to remove TCA.
Western blotting. Protein extracts (1 mg/ml) prepared in SDS-PAGE sample buffer were treated with 1% ␤-mercaptoethanol and boiled for 10 min. Proteins (40 g)were loaded in each lane and fractionated by 10% SDS-PAGE. Proteins were electrotransferred to Immobilon-P membrane, which was incubated with a 1,000-fold diluted primary antibody solution overnight at 4°C. Washed membrane was probed with a horseradish peroxidase-conjugated secondary antibody at ϳ10 ng/ml. Signals were developed using the SuperSignal chemiluminescent substrate from Pierce Biotechnology and digitally imaged. The TNAP bands and Coomassie Blue-stained bands were quantified by densitometry, and TNAP was normalized to the Coomassie Blue stain as shown in the figure. TNAP antibody (no. sc-30203) and GAPDH antibody (no. sc-20357) were purchased from Santa Cruz Biotechnology.
Enzyme assays. Colorimetric TNAP and GAPDH assay kits were obtained from University at Buffalo Biomedical Research Service Center. Typically 10Ϫ20 g protein extracts were used for the enzyme assays. Assay of TNAP activity is based on conversion of p-nitrophenol phosphate to nitrophenol in an alkaline buffer. TNAP activity was measured at 405 nm and calculated using a molar extinction coefficient of 18.75 mM/cm. Assay of GAPDH activity is based on reduction of the tetrazolium salt INT in a NADH-coupled enzymatic reaction to formazan, which exhibits an absorption maximum at 492 nm. GAPDH activity was calculated using a molar extinction coefficient of 18 mM/cm. For ␤-galactosidase (LacZ) assay, 10 l sample was incubated with 100 l ONPG substrate (0.1 M sodium phosphate pH 7.4, 1.5 mg/ml o-nitrophenyl-␤-D-galactopyranoside, 1 mM MgCl 2, and 10 mM ␤-mercaptoethanol) at 30°C for 60 min. Reaction was terminated by addition of 50 l 0.5 M Na 2CO3. Enzyme activity was measured by absorbance at 414 nm and calculated using a molar extinction coefficient of 4.5 mM/cm.
In-gel TNAP activity staining. Protein extracts for TNAP activity staining were not treated with ␤-mercaptoethanol nor boiled prior to SDS-PAGE. After electrophoresis, gel was washed in a buffer containing 50 mM Tris-Cl pH 8, 200 mM NaCl, 5 mM CaCl2, 5 M ZnSO4, and 2.5% TX-100 three times (15 min each), following which the gel was finally washed in the buffer without TX-100 for another 15 min. The washed gel was incubated in a TNAP substrate solution containing 100 mM Tris-Cl pH 10.5, 2 mM MgCl2, 1 mg/ml 5-bromo-4-chloro-3-indoxyl phosphate, and 0.1 mg/ml 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide at 37°C overnight.
Metabolite assays. Phosphate and L-lactate assay kits were obtained from University at Buffalo Biomedical Research Service Center. Conditioned culture medium was mixed with an equal volume of ice-cold 10% TCA solution and incubated on ice for 30 min. Tissues were homogenized in 10% TCA as described above. Both assays were set up in 96-well plates. Twenty microliters of each TCA extract (after a 5-fold dilution with dH2O) was mixed with 100 l of the ammonium molybdate-based phosphate assay solution and 50 l of the lactate dehydrogenase-based lactate assay solution. Phosphate assay was incubated at room temperature for 10 min and lactate assay was incubated at 37°C for 30 min. A set of NaH2PO4 and lactate standards were used as reference. Absorbance was measured at 620 nm and 492 nm for phosphate and lactate assays, respectively. Sample metabolite concentrations were derived by comparison to a standard curve performed at the same time.
RT-PCR. RNA extraction was performed using Qiagen's RNA isolation kits. Hamster TNAP cDNA was PCR amplified from hamster heart RNA using primers CACCATGATCTCGCCATTTTTA and CTGGGCCCTCAGAACAGGGTGC. DNA was excised from agarose gel, inserted into pCR2.1-TOPO, and sequenced in both orientations (GenBank accession no. KF934412). DNA sequencing was performed by RPCI DNA sequencing core facility. qRT-PCR was performed to quantify expression of TNAP using the SYBR green kit on MyIQ (Bio-Rad) as previously described (31) . ␤2-Microglobulin was used as the reference gene for data calculation based on the 2 ⌬⌬CT method. ␤2-Microglobulin and TNAP primers for qRT-PCR are 5=-TCTCTTGGCTCACAGGGAGT/3=-ATGTCTCGTTCCCAGGT-GAC and 5=-ACAACCTGACTGACCCTTCG/3=-GCCTTTGAGG-TTTTTGGTCA, respectively. Oligonucleotides were synthesized by Midland Oligo.
Replication-deficient TNAP adenovirus. Construction of replication-deficient recombinant adenovirus was as described previously (30) . The TNAP cDNA was inserted into NotI and HindIII sites of the adenoviral shuttle vector pShuttle-CMV. The recombinant shuttle DNA and pAdEasy-1 DNA were recombined in HEK293 cells. The virus was amplified in HEK293 cells to yield ϳ10 9 viral particles/ml. Virus was confirmed by PCR and Western blotting. For gene expression analysis, viral lysates were diluted 10-fold with MEM and added to adherent cells for 3 h with occasional agitation, following which cells were rinsed with HBSS twice and maintained in MEM containing 10% FBS, 50 g/ml gentamycin, and 0.125 g/ml Fungizone.
Recombinant proteins. Commercially available recombinant sFRP2 and sFRP4 proteins were purchased from R&D. To produce bacterially expressed sFRP2, the sFRP2 DNA was excised from pET3d-sFRP2 (37) using NcoI and BamHI and inserted into the glutathione S-transferase (GST) fusion vector pGEX (24) . Expression of GST and GST-sFRP2 fusion protein in Escherichia coli (strain BL21) was induced by adding 0.5 mM isopropyl thiogalactopyranoside (IPTG) to a log phase culture for a 3-h induction. GST and GST-sFRP2 were purified by glutathione-agarose chromatography as described previously (24) . Purified GST-sFRP2 was cleaved with ϳ10 units of thrombin in the presence of 2.5 mM CaCl 2 at room temperature for 2 h, following which thrombin and GST were removed by incubation with p-aminobenzamidine and glutathione agarose beads. Proteins were dialyzed in normal phosphate-buffered saline at 4°C and filter sterilized for cell treatment.
Statistical analysis. Comparisons between two and multiple experimental groups were made with Student's t-test and one-way ANOVA, respectively. A value of P Ͻ 0.05 was considered significant. Data are expressed as means Ϯ SD.
RESULTS
Fibrocalcification as a prominent feature in the failing hamster heart. The ␦-sarcoglycan-null TO2 strain hamster develops congestive heart failure and fibrosis resembling that seen in the general population of heart failure patients (44) . To determine whether the failing hamster heart exhibits concurrent fibrosis and calcification, we used Trichrome staining and von Kossa staining to locate areas of fibrosis and calcification, respectively. Digital quantification of the histological images showed that the failing heart exhibited ϳ12% fibrotic area in comparison to ϳ1% fibrotic area in the age-matched F1B strain normal heart (Fig. 1) . While no calcification was observed in the F1B heart, prominent calcium deposits (black staining) were found to be associated with the fibrotic areas (blue staining) of the TO2 heart at 5 mo of age ( Fig. 1) , indicating that cardiac fibrocalcification is a prominent pathology in the failing hamster heart.
Upregulation of cardiac alkaline phosphatase. Recognizing that TNAP is responsible for collagen calcification during bone formation and is also involved in vascular calcification pathology (8, 14, 39), we investigated whether TNAP might also have a role in cardiac fibrocalcification. We measured the activity of TNAP present in heart tissue homogenates, which showed a significant approximately twofold increase in the TO2 heart TNAP activity ( Fig. 2A) . Notably, TNAP activities of the liver and hamstring homogenates were similar between F1B and TO2 hamsters ( Fig. 2A) . As an additional assay control, GAPDH enzyme activity was measured and found to be similar in all of the tissue samples (Fig. 2B) . We further examined whether altered TNAP activity might also be associated with cardiac ischemia. Since we previously characterized the ischemic porcine myocardium (35), we analyzed TNAP activity of the normal and ischemic porcine heart tissue extracts. The assay revealed that cardiac ischemia mildly but significantly stimulated TNAP activity in the porcine heart (Fig. 2C) . GAPDH activity was again not altered (Fig. 2D) .
Since TNAP dimer represents the catalytically active form (46), we used an in-gel activity staining method to further confirm the observed difference in cardiac TNAP activity. Figure 3A shows an activity-stained protein band of ϳ120 kDa corresponding to TNAP dimer. Densitometric analysis revealed again an approximately twofold increase in the TO2 heart TNAP activity (Fig. 3B) , corroborating the activity assay presented in Fig. 2A .
Elevated inorganic phosphate in the fibrocalcification state. Although the physiological substrates of TNAP remain to be definitively determined, elevated activity of TNAP, which is a glycosyl-phosphatidylinositol (GPI)-anchored ectoenzyme (39) , is expected to increase the tissue level of inorganic phosphate (P i ) through its robust phosphate-splitting activity. F1B and TO2 hamster tissue samples were extracted and analyzed by the Malachite green-based phosphate assay. The TO2 heart extract was found to contain a significantly elevated P i level compared with the F1B heart (Fig. 4 ). This increase in P i is likely mediated by the increased TNAP activity in the TO2 heart because neither the TO2 liver nor hamstring tissue extracts exhibited an elevation in P i levels (Fig. 4) . In addition, the F1B and TO2 sera exhibited similar P i levels (Fig. 4) , indicating that the detected P i increase in the TO2 heart, which would promote calcium phosphate crystal deposition in the myocardium, is not secondary to systemic hyperphosphatemia (10) .
Cloning and expression of hamster heart TNAP. To confirm the identity and activity of TNAP in cardiac fibrocalcification, we cloned by RT-PCR the full-length TNAP cDNA from the hamster heart (GenBank accession no. KF934412). Sequence analysis reveals that the human and hamster TNAP enzymes are highly conserved, both being 524 amino acids in length and exhibiting a 92% amino-acid sequence homology. In addition, the five N-linked glycosylation sites (Asn-X-Ser/Thr) are all conserved. Since cardiac fibroblasts are the most abundant cell type in the heart and mediate fibrosis (29), we used cultured mouse fibroblasts to further characterize the cloned TNAP. We generated a replication-deficient recombinant TNAP adenovirus and used the LacZ adenovirus as control (30) . As expected, cells expressing the LacZ reporter and the TNAP exhibited prominent ␤-galactosidase (Fig. 5A ) and alkaline phosphatase (Fig. 5B) activity, respectively. In-gel alkaline phosphatase activity staining illustrated that cardiac fibroblasts exhibited a basal level phosphatase activity conferred by TNAP dimer, which was further amplified by adenoviral expression of TNAP (Fig. 5C ).
Modulation of extracellular P i by TNAP. The LacZ-and TNAP-expressing fibroblasts along with the conditioned medium were harvested and deproteinized. Phosphate assays show that the intracellular P i levels were indistinguishable between the LacZ and TNAP expressors (Fig. 5D) . In contrast, the extracellular P i present in the conditioned medium was significantly elevated by forced expression of TNAP (Fig. 5E) . As a medium assay control, we show that there was no difference in medium lactate levels between the LacZ and TNAP expressors (Fig. 5F ). The finding that the extracellular but not intracellular P i is affected by TNAP expression is consistent with the cell surface location of TNAP. It also suggests that the detected P i increase in the TO2 heart (Fig. 4) is likely of extracellular origin.
TNAP as a target of sFRP2 in vivo. Upregulation of TNAP in the fibrotic heart prompted us to determine whether TNAP might be a downstream target of profibrotic cytokines. We recently showed that the fibrotic heart exhibits a higher expression level of sFRP2 and that administration of sFRP2 blocking antibody attenuated myocardial fibrosis and improved function in the TO2 heart (37) . Heart tissues from the study were homogenized to assess the effects of the antifibrotic therapy on the TNAP axis. Phosphatase enzyme activity assays reveal that the beneficial effects of sFRP2 blockade were associated with a significant reduction in the TO2 heart TNAP activity and GAPDH (B) enzyme activity was determined for the hearts, livers, and hamstrings of F1B and TO2 hamsters. Normal and ischemic porcine heart tissues were also analyzed (C and D). Enzyme activity in units per g protein is shown; n ϭ 3 per group (*P Ͻ 0.05).
TNAP Activity Staining
Coomassie Blue Staining ( Fig. 6A) . P i concentration assays reveal a concurrent reduction in the level of P i , but not lactate, after sFRP2 blockade (Fig. 6 , B and C), although the decrease in P i did not reach statistical significance. These findings led us to hypothesize that sFRP2 may possess a TNAP-inducing activity through which the profibrotic cytokine may promote calcification in the fibrotic heart.
Induction of TNAP by sFRP2 in vitro.
To provide evidence for the hypothesis, we treated cultured cardiac fibroblasts with commercially available sFRP2 and sFRP4 proteins for 1-3 days as described previously (37), following which TNAP activity was measured. We found that only sFRP2 treatment steadily increased TNAP activity during the 3-day period, reaching significant activation on day 2 and day 3 (Fig. 7A) .
Increasing the concentration of sFRP2 and sFRP4 by up to 10-fold (30 nM) did not cause further stimulation (data not shown). To rule out the possibility of cytokine contamination in the commercial sFRP2 preparation, we expressed sFRP2 in E. coli bacteria as a GST fusion protein and purified the recombinant protein using glutathione agarose affinity chromatography as previously described (24) . We found that GSTsFRP2 induced a more robust activation of TNAP at the same protein concentration (3 nM), achieving a two-to threefold increase in TNAP activity (Fig. 7B) . Analysis of the conditioned medium, however, failed to reveal a concurrent increase in extracellular P i after sFRP2-mediated induction of TNAP (data not shown). Since the P i increase shown in Fig. 5E was mediated by a ϳ30-fold increase in TNAP activity after ad- Fig. 3 . D: cells were extracted with TCA and analyzed by the phosphate assay. The result represents the intracellular Pi levels. E: fibroblast-conditioned medium was extracted with TCA and analyzed by the phosphate assay. The result represents the extracellular Pi levels. *P Ͻ 0.05 TNAP vs. LacZ. F: fibroblast-conditioned medium was extracted with TCA and analyzed by the lactate assay; n ϭ 3 per group. enoviral infection, it is possible that the two-to threefold induction of TNAP by sFRP2 is insufficient to cause a detectable P i increase in the culture medium, which has a high P i background (ϳ1 mM P i ). To rule out the possibility that the more potent TNAP-activating effect of GST-sFRP2 might be due to the presence of the GST domain, we cleaved the fusion protein with thrombin to remove the GST domain. The cleaved protein (c-sFRP2) was found to retain its robust TNAP-activating effect (Fig. 7B) . These findings thus demonstrate for the first time that sFRP2 is an inducer of TNAP in the fibrotic heart and isolated cardiac fibroblasts.
De novo protein synthesis and cell specificity in TNAP induction. We performed qRT-PCR analysis to determine whether sFRP2-induced TNAP activity might be mediated by increased expression of TNAP. Figure 8A shows an approximately twofold increase in TNAP gene expression after GSTsFRP2 treatment. This increase is associated with a corresponding increase in TNAP protein as assessed by Western blot analysis (Fig. 8B) . Dependence of TNAP activation on de novo gene induction and protein synthesis is further revealed by the finding that inhibition of protein synthesis by cycloheximide completely abolished sFRP2-mediated induction of TNAP activity (Fig. 8C) . Since TNAP is a glycoprotein and its catalytic property has been shown to be modulated by N-linked glycosylation (22, 39), we performed GST-sFRP2 treatment in the presence of tunicamycin to determine whether the induced TNAP requires N-linked protein glycosylation. Figure 8B shows that tunicamycin also completely abolished TNAP induction. In contrast, treatment with thiamet G, a potent inhibitor of ␤-N-acetylglucosaminidase (56), had no effect on TNAP induction (Fig. 8C) . Of note, the TNAP-activating effect of sFRP2 was not observed in 3T3 fibroblasts (Fig. 8D ), HL1 cardiomyocytes (Fig. 8E ), HEK293 cells, C2C12 myoblasts, and bone marrow mesenchymal stem cells (data not shown), indicating a high degree of cell specificity in sFRP2 regulation of TNAP. Further, we found that the induction mechanism requires cell confluency (data not shown). Taken together, the in vivo sFRP2 blockade study showing downregulation of TNAP (Fig. 6 ) and the in vitro sFRP2 treatment study showing upregulation of TNAP in cardiac fibroblasts ( Fig. 7 and 8 ) establish a novel role of sFRP2 in ECM regulation through coupling cardiac fibrosis and calcification. . Effect of secreted Frizzled-related protein 2 (sFRP2) blockade on TNAP in the failing heart. TO2 hamster heart tissues from the previous sFRP2 blockade study (37) were processed for measurement of TNAP activity (A), Pi concentration (B), and lactate concentration (C). The antibody control and sFRP2 antibody groups were compared. TNAP activities of the membrane fractions are presented; n ϭ 3 per group (*P Ͻ 0.05 sFRP2 antibody vs. control IgG). Fig. 7 . Effect of sFRP2 treatment on TNAP in the isolated cardiac fibroblast (CaFb). A: cardiac fibroblasts were treated with 3 nM commercial sFRP2 or sFRP4 for 1-3 days, following which TNAP activities were measured (n ϭ 3 per group; *P Ͻ 0.05 sFRP2 vs. control on day 2; #P Ͻ 0.05 sFRP2 vs. control on day 3). B: cardiac fibroblasts were treated with 3 nM glutathione S-transferase (GST), GST-sFRP2, or c-sFRP2 (sFRP2 derived from cleavage of the GST-sFRP2 fusion protein) for 3 days, following which TNAP activities were measured (n ϭ 3 per group; %P Ͻ 0.05 GST-sFRP2 vs. control; P Ͻ 0.05 c-sFRP2 vs. control).
DISCUSSION
The study by Kobayashi et al. (25) demonstrating reduced fibrosis and improved function in sFRP2-knockout mice after myocardial infarction and that by us showing the same benefits in the failing hamster heart after sFRP2 blockade (37) established sFRP2 as a key profibrotic cytokine in cardiac pathology. The proposed profibrotic role of sFRP2 targets collagen metabolism through enhancing the procollagen C proteinase activity of tolloid-like metalloproteinases (25) , which promotes collagen maturation and ECM thickening. The current study discovered that sFRP2 possesses the ability to further modify the fibrotic milieu through TNAP-mediated ECM mineralization. Clinical studies have demonstrated myocardial calcification in the settings of post myocardial infarction, myocarditis, and congenital heart disease (4, 43, 50) and human pericardial pathology often exhibits fibrocalcification (32) . The term porcelain heart was previously coined to describe a case of massive myocardial calcification (2) . However, the molecular underpinning of concurrent fibrosis and calcification remains unclear. Our findings here suggest that sFRP2 may promote cardiac fibrocalcification through coordinate activation of tolloid-like metalloproteinases and TNAP. In addition, the finding that bacterially produced sFRP2 is functional suggests that protein glycosylation, which is required for the function of Wnt signaling proteins (26, 28) , is dispensable for the TNAPactivating function of sFRP2.
TNAP is normally induced during the early stage of osteogenesis and participates in collagen calcification during bone formation (8, 39) . It has been proposed that the role of TNAP in the bone matrix is to generate the P i needed for hydroxyapatite crystallization. Extracellular P i serves not only as a substrate for hydroxyapatite formation but also as an inducer of the gene expression program that promotes calcification (19, 20) . Extracellular P i for instance is a key regulator of cementoblast during tooth development, signaling a marked increase in osteopontin gene expression (16) . Indeed, upregulation of osteopontin gene expression has been observed in the failing hamster heart (40) . TNAP knockout mice recapitulate the metabolic and skeletal defects of infantile hypophosphatasia (17) , which is an inborn error of TNAP, leading to severe rickets and osteomalacia (54) . On the other hand, aberrantly elevated circulating levels of alkaline phosphatase can also be associated with a wide range of disease conditions. Although clinical test of circulating levels of alkaline phosphatase is routinely performed, the abnormal increase of TNAP identified in the current study is confined to the failing heart and is not accompanied by systemic hyperphosphatemia.
Vascular calcification is prevalent in aging and many pathological conditions, and is recognized as a strong predictor of cardiovascular events in the general population as well as diabetic and end-stage renal disease patients (20) . In chronic kidney disease, vascular calcification is associated with hyperphosphatemia. However, vascular calcification is a multifaceted process that involves not only the gain of inducers of calcification but also the loss of calcification suppressors. Recent studies on vascular calcification have revealed TNAP as a key player in the pathological mineralization process (14) . In the study of sheep aortic valve interstitial cells in vitro, transforming growth factor-␤1 (TGF-␤1) was found to induce progressive calcification and maximal levels of TNAP (13) . Since TGF-␤1 is a well-established profibrotic cytokine (55), sFRP2 and TGF-␤1 may share a similar role in promoting tissue fibrocalcification. However, given that sFRP2-mediated induction of TNAP exhibits cell specificity as observed in our study, whether sFRP2 may also be involved in vascular calcification remains to be determined.
Wnt/␤-catenin signaling appears to be more active in the fibrotic hamster heart (38) . Consistent with this demonstration, qRT-PCR analysis of cardiac fibroblasts treated with GST or GST-sFRP2 for 3 days. ␤2-Microglobulin was used as the internal reference gene for analysis of TNAP expression (*P Ͻ 0.05; n ϭ 4). B: Western blot analysis of cardiac fibroblasts treated with GST or GST-sFRP2 for 3 days. Blots were probed with TNAP antibody (top) and GAPDH antibody (bottom). The detected protein bands are TNAP monomer (ϳ60 kDa) and GAPDH (ϳ37 kDa). C: cardiac fibroblasts were treated with 3 nM GST or GST-sFRP2 in the presence of 3.5 M cycloheximide (Cyc), 2.5 M tunicamycin (Tun), or 0.1 M thiamet G (Thi) for 3 days, following which TNAP activities were measured (*P Ͻ 0.05 GST-sFRP2 vs. GST; #P Ͻ 0.05 cycloheximide vs. no drug;^P Ͻ 0.05 tunicamycin vs. no drug). D and E: 3T3 fibroblasts (D) and HL1 cardiomyocytes (E) were treated with 3 nM GST or GST-sFRP2 for 3 days, following which TNAP activities were measured; n ϭ 3 per group.
postnatal activation of Wnt signaling is known to promote fibrosis (7), and is required for TGF-␤1-mediated fibrosis (1). For instance, Wnt3a activates MAPK p38, resulting in the stimulation of TNAP and matrix mineralization in C3H10T1/2 mesenchymal cells (11) . Excessive Wnt/␤-catenin signaling may thus have a role in the initiation and/or maintenance of cardiac fibrocalcification. Along this line, we have previously shown that sFRP2 activates Wnt signaling in cardiac fibroblasts (37) , which likely mediates the induction of TNAP. Of note, TNAP induction can also be mediated at the posttranslational level independent of gene induction (5, 33) . Although protein glycosylation is known to influence the biological activities of Wnt regulators (26, 28) , our study indicates that it is not involved in the sFRP2-TNAP axis because the bacterially expressed sFRP2 appears to retain its full TNAP regulatory activity. Although heart failure has been shown to be associated with increased expression of sFRP2, sFRP3, and sFRP4 (3, 37, 47) , the current result based on the use of a commercial source of sFRP4 protein shows that sFRP2 but not sFRP4 mediates TNAP induction. Further work is needed to obtain sFRP4 protein from bacterial overexpression so as to validate this finding. If confirmed, it would indicate a high degree of molecular specificity in the mechanism underlying TNAP induction that also exhibits cell density and cell type dependence. In particular, the induction by sFRP2 has so far only been observed in cardiac fibroblasts among the multiple cell types examined. Given that activation of TNAP has also emerged as a marker of pulmonary fibrosis (9), identification of TNAP as a target of sFRP2 in cardiac fibrosis uncovers a disease pathway amenable to therapeutic intervention.
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